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CHAPTER 1 : GENERAL INTRODUCTION 
1.1 Thesis Organization 
The works presented in this thesis are written as manuscripts for academic journal 
publication. Chapter 1 discusses the current problems with the use of petroleum-based 
polymers and the future trends of biorenewable polymers. A literature research on 
vegetable oil-based vinyl polymers will also be presented. Chapter 2 includes a novel 
high bio-content thermosetting polymer based on acrylated epoxidized soybean oil and 
methacrylated eugenol. This resin system was intended to be a matrix resin for fiber 
reinforced composites produced by the pultrusion process. There are very few studies 
about developing vegetable oil-based polymers for pultrusion process (or even for other 
composite manufacturing procedures). This resin, to the best of my knowledge after 
searching the literatures, is the first vegetable oil-based thermoset with more than 70% 
biorenewable carbon content that are suitable for the pultrusion process.  Chapter 3 
presents a biocomposite based on tall oil-based polyamide as the matrix and lignin-
cellulose fiber as fillers. These composites were studied using various material 
characterization techniques to understand the effects of lignin-cellulose fiber on the 
thermal, mechanical, and rheological properties of the final composites. Chapter 4 
contains the overall summary of my thesis and some possible future research directions.  
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1.2 Background and Literature Review 
1.2.1 The petroleum crisis and future trends of vegetable oil-based polymers 
Because of the continuously increasing price of petroleum resources and an 
increase in environmental awareness, researchers are actively trying to produce 
polymeric materials based on biorenewable resources to replace the traditional 
petroleum-based plastics. Thermoplastics such as polyethylene, polypropylene, 
polystyrene, poly(vinyl chloride) and thermosets such as epoxies and polyesters are used 
everywhere in our daily life. The applications of plastic are essentially limitless. Some 
typical applications of plastics include packaging, textiles, coatings, automobile 
components, biomedical devices and household items. Our dependence on plastics keeps 
increasing, but the fossil fuel is depleting. It is proposed that all petroleum resources will 
be exhausted within the next one hundred years [1]. Nowadays, the price of fossil fuel 
and petroleum is still reasonable and affordable, thus many biorenewable polymers such 
as polylactide (PLA) and polyhydroxyalkanoates (PHA) cannot compete with traditional 
petroleum-based plastics in terms of cost. Many people are still not aware of the 
urgencies of developing biorenewable plastics because people can still afford pumping 
gasoline in their cars. Currently, due to the relatively high cost and inferior performance 
of biorenewable plastics, there is almost no incentive for industry to switch from 
traditional plastics to biorenewable plastics, even though biorenewable composites are 
more environmentally friendly. Fortunately, there have been some movements towards 
using biorenewable plastics in packaging applications. One of the examples is the PLA-
based SunChips packaging. However, at high-tech applications such as the aerospace and 
military industries, biorenewable plastics are rarely seen. 
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It is important to continuously put research efforts into developing better 
biorenewable polymers because petroleum resources will eventually be depleted. In the 
future, biorenewable polymers with the following characteristics should be developed:  
(1) Higher renewable content. In other words, the biorenewable resources should be 
kept as close to their original forms as possible, or the percentage of biorenewable 
carbons in the final products should be as high as possible.  Most of the time, 
chemical modifications are performed on biorenewable resources to produce 
materials with better properties. Chemical modifications of these biorenewable 
resources normally require catalysts, solvents, and reagents; however, almost all 
catalysts, solvents and reagents are produced from petroleum resources. Another 
popular method to increase the properties of biorenewable polymers is by 
copolymerization with petroleum-based monomers. Take soybean oil as an 
example: soybean oil contains unconjugated carbon-carbon double bonds. Even 
though there are double bonds in soybean oil, free radical polymerization and 
cationic polymerization cannot be performed on soybean oil because 
unconjugated carbon-carbon double bonds in soybean oil are not reactive enough. 
To overcome the low reactivity problem of soybean oil, Li et al. has 
copolymerized soybean oil with styrene and divinylbenzene to produce materials 
with high rigidity [2]. In addition, Li et al. and Larock et al. also utilized 
homogeneous transition metal catalysts to transform regular soybean oil to 
conjugated soybean oil, which will have higher reactivity towards radical 
polymerization [3, 4]. Styrene was also used as a reactive diluent of acrylated 
epoxidized soybean oil (AESO) [5]. On the other hand, the term “bio-based” is 
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still vague in the field.  Ma et al. prepared a thermosetting polymer based on rosin 
acid (one kind of biorenewable resource) and acrylated epoxidized soybean oil [6]. 
The author of this article utilized various petroleum-based chemicals, including 
acrylic acid, hydroquinone, and allyl bromide to modified rosin acid into divinyl 
acrylicpimaric acid [6]. Moreover, in this reaction process, the molar ratio of allyl 
bromide and rosin acid was about 3 to 1. Even though a lot of petroleum-based 
chemicals were used, the author of this article still claimed this thermoset as “full 
bio-based” materials. The materials developed by Ma et al., in my opinions, 
should be called “partially bio-based” instead of “full bio-based.” In the future, 
biorenewable polymers with a minimal amount of petroleum contents should be 
developed. 
(2) Lower price. Price is one of the most important aspects when selecting materials 
for a new design. It is difficult for a company to make a profit if a high-cost 
material is selected instead of a low-cost material. As mentioned previously, the 
current cost of biorenewable polymers is higher than those of petroleum-based 
polymers. If there are a biorenewable plastic and a petroleum-based plastic that 
can both satisfy the performance requirements of a component, the company will 
still choose to use the cheaper petroleum-based plastics. If low-cost biorenewable 
polymers can be developed, the industry will have a higher incentive to use this 
kind of environmentally friendly material. 
(3) Higher performance. The mechanical properties of many biorenewable polymers 
are inferior to those of petroleum-based polymers. For example, the brittleness of 
PLA and PHA has limited their applications. If biorenewable polymers with 
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higher performance and reasonable cost can be developed, then there will be a 
higher incentive to use these sustainable and environmentally friendly materials. 
(4) Reduce the use of petroleum-based catalysts and initiators. In order to turn 
monomers into polymers, most of the time, initiators have to be used in order to 
start the polymerization reaction. Most of the polymerization initiators such as 
free radical initiators or cationic initiators are derived from petroleum. One may 
argue that in a polymerization reaction, the percentage of initiator is very small. 
For most polymer systems, it is impossible to produce polymers without an 
initiator; but one has to keep in mind that if all the petroleum resources are 
depleted, it will become impossible to produce these initiators or catalysts. 
Studies have shown that it is possible to use thermal polymerization (use heat to 
polymerized monomer without an initiator) to produced vegetable oil-based 
thermosets [7]. 
1.2.1 Vinyl polymers derived from vegetable oils 
In recent years, many vegetable oil-based polymers with a wide range of 
properties have been developed. Vegetable oils are attractive starting materials for 
preparing polymers because they are relatively cheap, commercially available, and most 
of them are not toxic to humans. Vegetable oils also contain many active functional 
groups, such as double bonds and hydroxyl groups, which can be chemically modified to 
produce polymers with desired properties. Vegetable oils are extracted from various 
plants, such as soybean, castor, tung tree, and palm tree. The general structure of 
vegetable oils is shown in Figure 1-1. Vegetable oils are made of triglycerides; that is, 
three separate fatty acid chains that connect to the glycerol backbone via ester linkage.   
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Figure 1-1: Chemical structure of triglycerides. 
Some common fatty acids in vegetable oils are shown in Table 1-1. A fatty acid 
chain is a long chain consisting of 8 to 22 carbons, and some of them contain carbon-
carbon double bonds, hydroxyl groups, and epoxy groups. A single type of vegetable oil 
contains multiple kinds of fatty acids. For example, soybean oil contains 11.0% palmitic 
acid, 4.0% stearic acid, 23.4% oleic acid, 53.3% linoleic acid, and 7.8% linolenic acid [8]. 
As a result, not every triglyceride molecule is the same. Vegetable oils are a mixture of 
triglycerides containing different fatty acid chains. This introduction will cover some 
vinyl polymers derived from vegetable oils; in other words, polymers produced from 
additional polymerization of carbon-carbon double bonds will be discussed. 
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Table 1-1: Chemical structures and formulas for some common fatty acids [9, 10]. 
 
The Larock’s research group in the Department of Chemistry at Iowa State 
University has prepared a variety of vegetable oil-based vinyl polymers utilizing the 
carbon-carbon double bonds in vegetable oils. Free radical polymerization, cationic 
polymerization, thermal polymerization, and ring-opening metathesis polymerization 
(ROMP) have been used to produce vegetable oil-based thermosets [9, 11-13]. Li et al. 
have prepared a range of thermosetting polymers by copolymerization of soybean oil 
with divinylbenzene (DVB) via cationic polymerization using boron trifluoride diethyl 
etherate (BFE) as the cationic initiator [14]. Three different types of soybean oil were 
used: regular soybean oil, low saturation soybean oil (a soybean oil that contains more 
carbon-carbon double bonds when comparing to regular soybean oil), and conjugated low 
saturation soybean oil. The reactivity of these three types of soybean oils is ranked as 
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follows: conjugated low saturation soybean oil > low saturation soybean oil > regular 
soybean oil.  It was found that soybean oil was immiscible with the BFE cationic initiator 
while DVB was miscible with BFE [14]. Many white particulates were formed right after 
BFE initiator was added into the mixture containing soybean oil and DVB; however, the 
mixture was still in liquid state. The white particulates were found to be DVB polymers. 
This indicated a heterogeneous polymerization process, which yielded polymers with 
non-uniform density and poor mechanical properties. The heterogeneous reaction process 
was ascribed to the following two reasons [2]: (1) DVB has a much higher reactivity than 
soybean oil, leading to the formation of DVB polymers (the white particulate) right after 
BFE was added; (2) DVB was completely miscible with BFE while soybean oil was not 
miscible with BFE; as a result, BFE preferably reacted with DVB, forming many 
undesired white particulates. To overcome the heterogeneous reaction process, Norway 
fisher oil ethyl ester or soybean oil methyl ester was used to modify the BFE initiator 
because they are mutually soluble with soybean oil, BFE and DVB [2, 14].  
The soybean oil-DVB system was further improved by the addition of 
monofunctional styrene [15]. The addition of styrene (ST) reduced the non-uniformity of 
and increased the mechanical properties, especially the toughness of the soybean oil-
DVB system [16]. The reaction of copolymerization of soybean oil with ST and DVB is 
shown in Figure 1-2. A series of soybean oil-ST-DVB polymers have been produced with 
properties ranging from soft elastomers to rigid plastics. In the vegetable oils-ST-DVB 
system, DVB imparts rigidity, soybean oil imparts flexibility, and styrene can fine-tune 
the properties of the final materials by controlling the crosslink density.  
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Figure 1-2: Chemical structures of styrene, divinylbenzene, soybean oil and their 
copolymers produced by cationic polymerization [17]. 
The vegetable oils-ST-DVB system polymerized by cationic initiator has been 
extensively studied with a variety of vegetable oils [11], including olive oil, peanut oil, 
sesame oil, canola oil, corn oil, soybean oil, grapeseed oil, sunflower oil, safflower oil, 
walnut oil, and linseed oil. Among these vegetable oils, the olive oil contains the least 
carbon-carbon double bonds while linseed oil contains the most. It was concluded that the 
use of vegetable oils containing more unsaturation sites leads to polymers with higher 
thermal stability and higher mechanical properties.  
10 
 
Rubbery materials have been produced from cationic copolymerization of 
conjugated soybean oil and dicyclopentadiene [18, 19]; however, the maximum 
engineering strain of this rubbery thermoset system is less than 300%, which is lower 
than most commercially available rubbers. Valverde et al. prepared rubbers from 
conjugated soybean oil cationically copolymerized with styrene and isoprene [20]. The 
resulting rubbers were also inferior to most commercially available rubbers in terms of 
elongation and strength. 
In addition to cationic polymerization of the vegetable oil-ST-DVB resin system, 
other polymerization pathways were also explored. Conjugated linseed oil [21, 22] and 
tung oil [7] have been copolymerized with ST and DVB using the thermal polymerization 
method. However, the cure profile of this method is very energy intensive. The reactants 
were heated first at 85°C for 1h and then heated at 120°C for another 2 hours, followed 
by heating at 140°C for 24 h and 160°C for 24h. The cure schedule took more than 2 days. 
It was found that the tung oil-ST-DVB system possesses higher mechanical properties 
than the conjugated linseed oil-ST-DVB system. In addition, Soxhlet extraction data 
indicated that tung oil can be incorporated into the crosslinked network better than 
conjugated linseed oil. Metallic catalysts such as cobalt, calcium, and zirconium were 
also added to improve properties of vegetable oil-based polymers obtained by thermal 
polymerization [7]. It was found that these metallic catalysts can accelerate the thermal 
polymerization process and produce polymers with higher crosslink densities and higher 
mechanical properties [7].  
Free radical polymerization of similar vegetable oil-based system was also 
performed. Henna et al. prepared conjugated linseed oil-acrylonitrile (AN) – DVB 
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polymer using 2,2΄-azobisisobutyronitrile (AIBN) as the free radical initiator [23]. 
Dicyclopentadiene (DCPD) was also used as a crosslinker in free radical polymerization 
[24]. 
Ring-opening metathesis polymerization (ROMP) of vegetable oil has also been 
explored to produce thermosetting polymers. ROMP relies on the opening of strained 
rings, such as norbornene groups, to produce polymers. None of the vegetable oils 
contains norbornene groups in their natural forms. To produce ROMP-polymerizable 
vegetable oils, the vegetable oils must be chemically modified.  Cargill Company 
(Chicago, IL) manufactures a commercially available DCPD-modified linseed oil with a 
trade name of Dilulin. An ROMP-based copolymer of Dilulin and DCPD has been 
polymerized by Grubb’s catalyst [25]. Cui et.al used the Dilulin/DCPD copolymers as the 
matrix materials of glass fiber reinforced composites [26, 27]. It was also found that 
silane coupling agents can greatly increase the mechanical properties of the composites 
with Dilulin/DCPD as the matrix [26, 27].  
The Wool’s group from the University of Delaware is another active research 
group focusing on producing vegetable oils-based thermosets. To increase the reactivity 
of vegetable oils and the properties of vegetable oil-based polymer, Larock’s group 
focused on conjugation of vegetable oils and copolymerizing them with petroleum-based 
copolymers, while Wool’s group focused on transesterification and using anhydride to 
provide additional carbon-carbon double bonds. Can et al. produced thermosetting 
polymers by free radically polymerizing soybean oil monoglyceride maleates [28]. To 
prepared soybean oil monoglyceride (SOMG), glycerol was first added into soybean oil, 
and the reaction mixture was then heated up to 220°C. Transesterification will occur 
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between the soybean oil and glycerol, and SOMG was produced. Maleic anhydride was 
then added into the SOMG to produce SOMG maleates, and SOMG maleates were 
copolymerized with styrene to produce thermosetting polymers. The above reaction 
process is shown in Figure 1-3. Similar synthesis pathway has also been performed on 
linseed oil [29].  Since the carbon-carbon double bonds on soybean oil and linseed oil are 
not conjugated, the double bonds on the fatty acid chains of SOMG cannot be 
incorporated into the polymer network; thus the fatty acid chains will have plasticizing 
effect on the resulting polymer [9]. To further increase the mechanical properties of 
SOMG-ST copolymer, bisphenol A and neopentyl glycol were added into SOMG [30]. 
The resulting thermosets possess a tensile modulus value of 1.49 GPa and a tensile 
strength around 30 MPa [30].  
  
Figure 1-3: Synthesis of soybean oil monoglyceride maleates and copolymerization 
with styrene [28]. 
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Can et al. prepared castor oil monoglyceride (COMG) using the same technique 
as that of preparation of SOMG [31, 32]. Since castor oil contains hydroxyl groups on the 
fatty acid chain, maleic anhydride can attack the hydroxyl group, providing more reactive 
unsaturation sites on COMG. Comparison of mechanical properties between polymers 
prepared from SOMG-maleate and COMG-maleate showed that COMG is a better 
candidate than SOMG to produce polymers with high strength and modulus [32].  
Acrylated epoxidized soybean oil (AESO) is another common form of soybean oil. 
It is synthesized by first reacting soybean oil hydrogen peroxide and formic acid to 
produce epoxidized soybean oil (ESO). ESO was then reacted with acrylic acid to 
produce AESO. Compared to regular soybean oil, the carbon-carbon doubles bonds 
originally on the fatty acid chains are transformed into acrylate groups; and the double 
bonds on the acrylate groups are much more reactive than the double bonds on the 
regular soybean oil. AESO can undergo free radical polymerization by itself since the 
acrylate groups are very reactive. Since AESO contains hydroxyl groups, it can be further 
modified by anhydride that contains carbon-carbon doubles bonds to introduce more 
unsaturation site. Maleic anhydride and methacrylic anhydride have been used to modify 
AESO to increase the unsaturation sites in AESO [33, 34]. Another approach to modify 
AESO is by using diacid or dianhydrides to oligomerize AESO, which will increase the 
entanglement between the triglyceride chains as well as introducing stiff cyclic rings into 
the structure, thus increasing the Young’s modulus and strength of the obtained thermoset 
[5]. Cyclohexane dicarboxylic anhydride and phthalic anhydride have been used for this 
purpose [5, 35]. 
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This introduction only covers some of the vegetable oils-based thermosetting 
polymers that utilize the carbon-carbon double bonds as crosslinking sites. In addition to 
the discussed vinyl thermosetting polymers, vegetable oil-based polyamides, 
polyurethanes, poly(ester amide)s, polyesters, and epoxies have also been  synthesized 
[36, 37]. A variety of vegetable oil-based polymer composites and nanocomposites were 
extensively studied [38-40]. Polymers based or other biorenewable resources, such as 
polysaccharides, lignin, sugars, terpenes, rosins, polycarboxylic acids, furans, and 
glycerol have also been prepared [41]. 
1.3 Objectives 
The aim of my research is to develop various biorenewable polymers for different 
applications. The goal of the study presented in Chapter 2 is to develop a vegetable oil-
based thermoset system that will be used in pultrusion process. The aim of the study 
presented in Chapter 3 is to develop a lost-cost biocomposites with biorenewable matrix 
and biorenewable fillers for bioplastic cropping container systems.  After a suitable 
candidate material that can meet the need of the project sponsors was found, various 
material characterization techniques were used to understand the newly developed 
materials. Dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA), rheology, mechanical testing, and scanning electron 
microscopy (SEM) were used. 
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2.1 Abstract 
A novel biorenewable thermoset based on acrylated epoxidized soybean oil 
(AESO) and methacrylated eugenol (ME) was prepared via free radical polymerization. 
The chemical compositions of the monomers were investigated using proton nuclear 
magnetic resonance (1H NMR) technique. The properties of this resin system were 
investigated using small amplitude oscillatory shear flow rheology, dynamical 
mechanical analysis (DMA), thermogravimetric analysis (TGA), and compression testing. 
Soxhlet extraction was also performed on the cured thermoset to determine the 
percentage of monomers that are incorporated into the crosslink network. In addition, the 
gelation time of this resin at different curing temperature was also monitored using a 
rheometer.  The Soxhlet extraction data indicated that more than 95% of the monomers 
were incorporated into the crosslink network. Gelation time study showed that this resin 
system can become a solid within 10 min. This resin system possesses high strength and 
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modulus, and it is thermal stable up to 300°C.   This high biorenewable content resin 
system possesses good mechanical properties, high thermal stability, and fast curing 
speed, making it a suitable matrix resin for the pultrusion process and other composite 
manufacturing processes.  
2.2 Introduction 
In recent years, polymeric materials derived from biorenewable resources have 
attracted a lot of attention due to the shortage and high price of petroleum and the 
increase in environmental concerns. Currently, almost all commercially available 
polymers are derived from non-sustainable petroleum resources.  About 7% of oil and gas 
are used to produce plastic [1].  A wide range of biorenewable polymeric materials have 
been developed that utilize biorenewable resources such as sugars, polysaccharides, 
lignins, plant oils, pine resin derivatives, and furans [2].  
Vegetable oils are one of the most abundant biorenewable materials. Their 
inherent biodegradability and low toxicity make them a promising starting material for 
polymer synthesis. Vegetable oils are composed of triglyceride molecules. Triglycerides 
consist of three fatty acid chains combined with glycerol through ester linkage. The 
length of fatty acid ranges from 8-22 carbon, and some of them have chemical 
functionalities such as hydroxyl groups, epoxide groups, and unsaturation (carbon-carbon 
double bond) [3]. Recently, there are many research activities focusing on using 
vegetable oil as partial replacement of petroleum components in plastic.  Vegetable oils 
such as soybean oil [4-6], linseed oil [7-9], corn oil [10], and tung oil [11-13] contain 
unsaturation sites (carbon-carbon double bonds) and have been copolymerized with 
petroleum-based chemicals, such as styrene (ST), divinylbenzene (DVB), 
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dicyclopentadiene (DCPD), and acrylonitrile using cationic, free radical or thermal 
polymerization. The properties of the resulting thermosetting polymers range from rigid 
plastics to soft and flexible rubbers.  However, soybean oil, corn oil, and linseed oil do 
not contain conjugated double bonds in their triglyceride chains, thus making them 
difficult to be incorporated into the crosslinked thermoset network. Conjugation of 
vegetable oil can be accomplished using catalysts containing rhodium or ruthenium [14].  
On the other hand, epoxidation can be performed on vegetable oil to turn the carbon-
carbon double bonds into oxirane rings [15, 16]. The epoxidized vegetable oils (EVO) 
can be blended into commercially available epoxy systems to yield a new class of epoxy. 
Epoxidized vegetable oils have been blended with commercially available epoxy systems 
such as Bisphenol A diglycidyl ether (DGEBA) and Di-Glycidyl Ether of Bisphenol F 
(DGEBF) [17, 18]. It was found that the storage modulus at room temperature, the glass 
transition temperature, and the crosslink density of the epoxy blend decreased with 
increasing content of EVO, while fracture toughness and flexural modulus were increased 
with increasing amount of EVO [17-19]. The epoxide rings of EVO can be ring-opened 
by alcohols [20] or acids [21, 22] to introduce other functionalities. After the epoxide 
rings had been opened, hydroxyl groups were introduced, and polyurethanes with a wide 
range of properties can be produced by the reactions between hydroxyl groups and 
diisocyanates [23]. EVO can also be ring-opened to produce molecules with acrylates to 
increase the reactivity of vegetable oils.  
Acrylate epoxidized soybean oil (AESO) is produced by reacting epoxidized 
soybean oil with acrylic acid [24], and the steps of synthesizing AESO is shown in Figure 
2-1. AESO is commercially available under the trade name Ebecryl 860, and it can be 
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polymerized using free radical initiators [25, 26]. Due to the high viscosity of AESO, it 
has been copolymerized with styrene to increase its processiblity [26, 27]. AESO has also 
been combined with hemp fibers [25], cellulose fibers [28], pyrolyzed chicken feather 
[29], and montmorillonite clay [30] to produce composites with high renewable content. 
In addition, it has been proposed that AESO-based resins can be used in electronics [31, 
32] and coating applications [33].  
 
Figure 2-1: Synthesis of acrylated epoxidized soybean oil (AESO). 
 
Eugenol is an aromatic compound found in plants such as clove, cinnamon, basil, 
and nutmeg. It is considered a safe additive to food and has been used as a flavoring 
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agent in cosmetic and food products [34]. The combination of eugenol and zinc oxide has 
been widely used in the dental industry as a cement material [35]. Eugenol also has 
antibacterial property, and it has been incorporated into polypropylene to produce 
antibacterial plastics [36]. Qin et. al has attached epoxy groups onto eugenol to produce a 
biorenewable epoxy system [37]. Polyacetylene based on eugenol and propargyl chloride 
has also been synthesized, with molecular weight above Mn = 30000 g/mol [38]. High-
performance bismaleimide resin has also been synthesized utilizing eugenol and succinic 
acid [39]. On the other hand, even though nowadays eugenol is extracted from clove, 
studies have shown that eugenol can potentially be obtained from pyrolysis [40, 41] or 
depolymerization [42] of lignin. Because of the low cost and abundance of lignin, the 
price of eugenol can be dramatically decreased if an economical pathway of obtaining 
eugenol from lignin is developed.  
Pultrusion is a low-cost, highly automatic manufacturing process to produce fiber 
reinforced composites with constant cross-section profile [43]. In the pultrusion process, 
fibers are impregnated with the resin, and the fibers are then pulled by a motor through a 
heated die with desired geometry. In the heated die, the resin (the matrix of the 
composites) becomes cured and fiber reinforced composites are produced. There are 
many studies focusing on incorporating biorenewable fibers, such as jute, hemp, and 
kenaf fibers into a petroleum based matrix [44-46]; however, there are few studies 
focusing on developing a biorenewable matrix materials suitable for the pultrusion 
process. Cui et al. prepared glass fiber reinforced composites using dicyclopentadiene 
and norbornene-modified linseed oil copolymerized by ring-opening metathesis [47].  
Badrinarayanan studied the cure kinetic of soybean oil-ST-DVB copolymer system and 
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found that this system is suitable for pultrusion due to its fast curing speed [48]. 
Chandrashekhara et al. used the pultrusion process on the blend of epoxidized allyl soyate 
(a mixture of epoxidized fatty acid ester) and Epon 9500 (a commercially available epoxy 
resin designed for pultrusion) to produce glass fiber reinforced composites [49]. It was 
found that incorporation of 10 wt% to 20 wt% of epoxidized allyl soyate into epoxy 
yielded a material with a toughness that is much higher than pure epoxy [49].  However, 
the above resin systems consist of more than 50% of non-biorenewable contents; as a 
result, the aim of this work is to develop a vegetable oil-based thermosetting resin with 
high biorenewable content that is suitable for the pultrusion process.  
2.3 Experiment Details 
2.3.1 Materials 
Eugenol (98%), acrylated epoxidized soybean oil, methacrylic anhydride (94%, 
containing 2000 ppm Topanol A inhibitor), 4-dimethylaminopyridine (DMAP), and 
benzoyl peroxide (BPO) free radical initiator were purchased from Sigma Aldrich 
(Milwaukee, WI). Methylene chloride (CH2Cl2), sodium bicarbonate, sodium hydroxide 
(NaOH), hydrochloric acid (HCL), magnesium sulfate (anhydrous) (MgSO4) were 
obtained from Fisher Scientific. Deuterated chloroform for nuclear magnetic resonance 
(NMR) analysis was purchased from Cambridge Isotope Laboratories, Inc. All chemicals 
were used as received without further purification.  
2.3.2 Synthesis of methacrylated eugenol 
The methacrylation of eugenol is performed as described in literature [50], and 
the synthesis route is shown in Figure 2-2. 100 g of eugenol (0.61 mol) and 2.51 g of 
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DMAP (2 mol% of methacrylic anhydride) were added into a 500 ml round-bottom flask 
equipped with a magnetic stir bar and a nitrogen gas inlet. After the flask had been 
purged with nitrogen gas for at least an hour to remove the oxygen and moisture, 98.7g 
methacrylic anhydride (105 mol% of eugenol) was added into the flask. For the first three 
hours of the reaction, the flask was placed at room temperature. The flask was then 
heated to 45 °C under a nitrogen atmosphere and kept at this temperature for at least 24 
hours. The reaction mixture was then transferred to a 2000 mL Erlenmeyer flask, and 500 
mL of CH2Cl2 was added to the reaction mixture. To remove the methacrylic acid 
byproduct and unreacted methacrylic anhydride, the organic phase was washed with 1L 
of saturated sodium bicarbonate aqueous solution, 1.0 M NaOH aqueous solution, 0.5 M 
NaOH aqueous solution, 1.0 M of hydrochloric acid, and water. Each wash was repeated 
at least twice. After the above washing steps, the mixture was dried with anhydrous 
MgSO4 powder overnight. The mixture was then filtered to remove solid MgSO4, and 
was followed by concentration under reduced pressure to remove the CH2Cl2. 
2.3.3 Free radical polymerization of AESO/ME copolymers  
Pre-weighed amounts of AESO and ME were added to a vial, followed by the 
addition of 2 wt% of BPO free radical initiator. The reaction mixture was stirred 
vigorously using a Kurabo MAZERUSTAR (Tokyo, Japan) planetary mixer until the 
mixture became homogeneous and all the BPO free radical initiator was dissolved. The 
homogeneous mixture was then degassed under reduced pressure and poured into a 
silicon mold. The resin was cured for 2 hours at 90°C and 4 hours at 160°C. The samples 
were then post-cured at 200°C for 2 hours. The heating rate for the above-stated cure 
schedule was set to be 1°C per minute. The following system of nomenclature has been 
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adopted for simplicity: AESO20 corresponds to a polymer sample prepared from 20 wt% 
AESO, 78 wt% ME, and 2 wt% BPO initiator.   
 
Figure 2-2: Synthesis of methacrylated eugenol. 
 
2.3.4 Material Characterizations 
2g of the bulk polymer sample was extracted with 400 mL of refluxing CH2Cl2 in 
a Soxhlet extractor for 24 hours. After extraction, the insoluble portion of the sample was 
separated from the CH2Cl2 solvent and was dried under vacuum at 70°C for at least 24 
hours before weighing.  
1H-NMR of the synthesized ME was performed in deuterated chloroform using a 
Varian Unity spectrometer (Varian Associates, Palo Alto, CA) at 400 MHz. The data was 
obtained by averaging 32 scans.  
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Dynamic mechanical analysis (DMA) was carried out using a TA Q800 dynamic 
mechanical analyzer in tension mode. Rectangular specimen with dimensions 
approximating 1.0 mm thickness, 4.0 mm width, and 8.5 mm length were heated from -
100°C to 200°C with a heating rate of 3°C/min. All DMA measurements were performed 
under a frequency of 1 Hz and displacement amplitude of 5 µm.  
The thermal stability of the obtained copolymers was studied using a TA Q50 
thermogravimetric analyzer. Approximately 5-8 mg of sample was heated from room 
temperature to 800°C in a nitrogen atmosphere with a heating rate of 20°C/ minute. 
The gelation process of the AESO/ME copolymerization was studied using TA 
AR2000ex rheometer using parallel plates with 25 mm diameter. Time sweeps at a 
constant shear frequency of 10 rad/s at 70°C, 80°C, and 90°C were performed on the 
AESO/ME mixture containing 2 wt% BPO initiator. The time when the storage modulus 
(G') and the loss modulus (G") intercepted is considered the gelation time. In addition, 
the viscosity of the AESO/ME mixture was also measured using a steady state procedure 
with shear rates increasing from 10 s-1 to 200 s-1. The measurement was conducted at 
25°C.  
Compression testing of the AESO/ME copolymers was performed according to 
ASTM standard D695-10 using an Instron 5569 load frame. A specimen size of 12.7mm 
by 12.7mm by 25.4 mm was used. The crosshead speed was set at 1.3 mm/min. A 
minimum of five samples were tested for each composition. 
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2.4 Result and Discussion 
2.4.1 Synthesis of AESO/ME copolymers 
A thermosetting resin for pultrusion process must possess the following 
characteristics: low to medium viscosity, fasting curing process, and high rigidity after 
cure. Unsaturated polyesters are the most commonly used resins for pultrusion 
application, and styrene is always added to reduce the viscosity of the unsaturated 
polyesters. Eugenol is a low viscosity liquid at room temperature, and it also has an 
aromatic ring and a double bond; as a result, the molecular structure of eugenol is similar 
to styrene. In addition, eugenol is more environmental friendly when compared to styrene 
because eugenol is a bio-based chemical with low toxicity.  However, unlike styrene, 
eugenol will not polymerize by itself by free radical polymerization because phenol 
derivatives are chain breaking radical scavengers, which means that the free radicals 
generated by free radical initiators are trapped in the phenolic hydroxyl group in eugenol 
[51].  In fact, eugenol has been used as a free radical polymerization retarder [52]. 
Adding the methacrylate functional group onto the eugenol allows it to become a 
polymerizable monomer.  Methacryalted eugenol is a very reactive product. By adding 2 
wt% BPO free radical initiator into ME and heating the reaction mixture at 110°C, a rigid 
thermoset was produced in less than two minutes. The fast reaction process of ME, 
combined with its low viscosity and rigid aromatic structure makes ME a good candidate 
material for pultrusion application.  
Figure 2-3 depicts the crosslinking reaction between AESO and ME. ME contains 
two types of double bonds: the double bonds on the acrylate groups and the allylic double 
bonds. These two types of double bond can both participate in the crosslinking reaction 
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[53]. On the other hand, AESO has only one type of double bonds. AESO and ME are 
completely miscible to each other, and the cured samples were homogeneous and 
transparent with a color similar to that of soybean oil. No separation was observed on all 
cured samples. 
 
Figure 2-3: The crosslinking reaction between AESO and ME. 
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2.4.2 NMR 
The 1H NMR spectra of as-receive eugenol and methacrylated eugenol are shown 
in Figure 2-4 and Figure 2-5, respectively. In the NMR spectra of the as-received eugenol, 
the peaks at 6.6 – 7.0 ppm originate from the hydrogen atoms bonding to the aromatic 
rings. The peaks in the range of 4.75 – 5.2 ppm represent the two hydrogen atoms 
connecting to the terminal side allylic double bond of eugenol. The multiplet in the range 
of 5.8 – 6.0 ppm comes from the hydrogen on the secondary carbon of the allylic double 
bond.  
After the methacrylation reaction, the aromatic hydroxyl group was replaced by 
methacrylate group. This is evident by the presence of peaks between 6.2 ppm and 6.4 
ppm, which comes from the proton from the terminal carbon of the methacrylate group. 
The additional peak on 2.1 ppm represents the proton found on the secondary carbon of 
the methacrylated group, which is not seen on the spectrum of as-received eugenol. 
However, there are trace amounts of impurities on the ME. The impurities come from the 
topanol A, which is a photodegradation inhibitor presented in the as-received methacrylic 
anhydride. The trace amount of impurities does not inhibit the polymerization of ME. 
The synthesized ME can be further purified using silica gel.  
A 1H NMR spectrum of AESO is shown in Figure 2-6. The three peaks in the 
range of  5.7 – 6.6 ppm represent the three hydrogen atoms of the acrylate function 
groups. The peak between 0.7 – 1 ppm comes from the hydrogen atoms attaching to the 
terminal carbon of the triglyceride molecules.  The triplet peak between 2.1 to 2.4 ppm is 
related to the hydrogen atom at the alpha position of the carbonyl groups. The peaks 
between 4.0 to 4.5 ppm come from the protons on the primary carbon group near the 
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center of the triglyceride. The number of acrylate groups per triglyceride molecule can be 
calculated by dividing the area under the acrylate peaks (5.7 – 6.6 ppm) by the area under 
the peak terminal carbon (0.7 – 1 ppm) and by multiplying the quotient by three. It is 
found that there are 3.4 acrylate groups per triglyceride molecule. 
 
Figure 2-4: 1H NMR spectrum of as-received eugenol. 
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Figure 2-5: 1H NMR spectrum of methacrylated eugenol. 
 
Figure 2-6: 1H NMR spectrum of acrylated epoxidized soybean oil. 
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2.4.3 Soxhlet extraction 
Soxhlet extraction was performed to measure the percentage of monomers 
incorporated in the thermoset network, and the data are summarized in Table 2-1. The 
soluble portion extracted from the bulk polymer consists of substances that are unreacted 
monomers or low molecular weight polymers. The insoluble portion of the polymer 
varied from 97.7% to 99.3%, indicating that the majority of AESO and ME have 
participated in the crosslinking reaction. The crosslinked portion in the AESO/ME system 
is found to be much higher than the conjugated vegetable oil-styrene-divinylbenzene 
system developed by Li et al. [4]. 
 
Table 2-1: Soxhlet extraction data for all copolymers. 
Polymer Composition Soluble (%) Insoluble (%) 
AESO0-ME98 99.3 0.7 
AESO10-ME88 97.7 2.3 
AESO20-ME78 97.7 2.3 
AESO30-ME68 98.2 1.8 
AESO40-ME58 97.9 2.1 
 
 
2.4.4 Rheological properties 
A rheometer was used to monitor the gelation time at 70°C, 80°C and 90°C. The 
gelation time can be found that the intercept of storage modulus and loss modulus [54]. 
The value of the gelation time is found to be dependent on the chemical composition of 
the AESO/ME copolymer. Figure 2-7 shows a plot of gelation time vs. AESO content at 
different curing temperatures. At a given curing temperature, the gelation time decreases 
as the AESO content increases, and this is ascribed to the fact that acrylate functional 
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groups generally have higher reactivity than methacrylate functional groups. As the 
AESO content in the mixture increases, there are more acrylate functional groups (from 
AESO) and less methacrylate functional groups (from ME) in the mixture; as a result, the 
crosslinking reaction proceeded faster with higher AESO content. For a curing 
temperature of 90°C, the gelation time ranges from 4.7 min (40 wt% AESO) to 6.7 min 
(0 wt% AESO). At this curing temperature, the mixture can become a solid gel within 10 
min. The fast gelation speed of the AESO/ME system indicates that this system is a 
suitable candidate for pultrusion. An even shorter gelation time can be achieved by curing 
this resin at a temperature higher than 90°C; however, at such a high temperature, the 
mixture cured almost instantaneously, making it difficult to measure the gelation time 
reliably with a rheometer. When the curing temperature is set at 70°C, the gelation time 
ranges from 30 min to 52 min. It is evident that the chemical composition has a higher 
impact on the gelation time at lower temperatures. The viscosity of the AESO/ME 
mixture with different compositions was tested at different shear rates, and the data are 
shown in Figure 2-8. For all compositions, the viscosity remains almost constant with 
increasing shear rate, indicating that both AESO and ME are Newtonian fluids. AESO is 
a very viscous fluid with a viscosity value around 11 Pa.s. The viscosity of AESO is 
much greater than regular soybean oil. This is because the AESO contains acrylate and 
hydroxyl functionality, and these functional groups introduce hydrogen bonding between 
the triglyceride molecules and increase the viscosity of AESO.  As the ME content 
increased, the viscosity of the resin decreased significantly. ME acts as a reactive diluent 
in this resin system, making this resin easily processable. On the other hand, a common 
epoxy system, for example, EPON 828, has a viscosity ranging from 11 Pa.s to 15 Pa.s.  
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The viscosity of the AESO/ME resin containing 0 wt% to 40 wt% AESO  are 
significantly lower than those of an epoxy system.  
 
 
Figure 2-7: Gelation time for AESO/ME copolymers with different compositions 
cured at 70°C, 80°C, and  90°C. 
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Figure 2-8: Viscosity of AESO/ME copolymers as a function of shear rate. 
2.4.5 Thermal properties 
Figure 2-9 shows the temperature dependence of storage modulus for AESO/ME 
copolymer with different compositions. At extremely low temperatures (-100°C to -50°C), 
all copolymers containing 10 wt% to 40 wt% AESO have similar storage moduli; 
however, the storage modulus of the pure ME polymer is about 800 MPa higher than 
those copolymers containing AESO. At a temperature range from 50°C to 150°C, the 
storage moduli of the copolymers exhibit sharp drops, indicating that glass relaxation, 
also called α-relaxations, occur at this temperature range. The glass relaxation processes 
are caused by micro-Brownian motion of the amorphous chains in the thermosetting 
network; in other words, the segmental mobility of the polymers significantly increases 
after the glass relaxation process, so that the polymer chains become less rigid. The 
storage moduli at room temperature for all prepared copolymers are listed in  
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Table 2-2. Obviously, the storage modulus decreases with increasing AESO 
content because the incorporation of AESO increases the percentage of long and flexible 
triglyceride chains in the copolymers system. The ME acts as hard segments in the 
copolymers because of its aromatic structures, while the ASEO acts as soft segments. By 
varying the ratio between ME and AESO, the modulus of this copolymer system can be 
easily tailored to produce either rigid thermoset plastics or softer plastics for different 
applications. Pure AESO polymer was also tested using the same procedure. Pure AESO 
polymer possesses much low storage modulus compared to the AESO/ME copolymers. 
 
Figure 2-9: Storage moduli for AESO/ME copolymer with different chemical 
compositions. 
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Table 2-2: Glass transition temperature and storage modulus at room temperature. 
The glass transition temperatures is obtained from the maxima the tan δ curves 
obtained by DMA analysis. 
Polymer Composition Tg a) 
(°C) 
E΄ at 25°C (MPa) 
AESO0-ME98 148.5 1681 
AESO10-ME88 136.4 1440 
AESO20-ME78 130.2 1411 
AESO30-ME68 122.7 1266 
AESO40-ME58 121.7 1096 
AESO98-ME0 38.2 274 
 
 
Figure 2-10 depicts the tan δ curve of AESO/ME of different compositions. The tan δ 
peak is related to the alpha-relaxation of the polymer, and the peak of the tan delta curve 
is often regarded as the glass transition temperature (Tg). The peaks of the tan δ curves 
shifted to lower temperatures with increasing amounts of AESO in the resin, indicating 
that there is more free volume in the copolymer with higher AESO content. This is 
expected because the triglyceride chains in vegetable oil are bulk and flexible. On the 
other hand, the ME polymer is relatively rigid due to its aromatic structure. When the soft 
triglyceride chain is added into ME, the storage moduli and glass transition temperatures 
of the obtained copolymer are expected to be decreased. Pure ME polymer has a Tg 
closed to 150°C, which is comparable to most petroleum-based plastics. There is another 
peak on the tan δ cure of pure ME polymer at 10°C. This peak might be associated with 
beta relaxation of the thermoset, which corresponds to local relaxation processes of the 
methacrylate side group. When the AESO content increased from 0 wt% to 10 wt%, the 
Tg shifted about 12°C to a lower temperature. The drop of Tg is not as pronounced with 
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high amounts of AESO: the Tg only dropped 1°C when the AESO content increased from 
30 wt% to 40 wt%.  
 
Figure 2-10: Tan δ curves for AESO/ME copolymers with different chemical 
compositions. 
 
Figure 2-11 and Table 2-3 show the TGA data obtained from the AESO/ME copolymer 
systems. It is found that all of the copolymers are thermally stable up to 250°C. All of the 
copolymers exhibit three different stages of thermal degradation above this temperature. 
The first stage of thermal degradation (250°C to 330°C) is attributed to evaporation and 
decomposition of some unreacted AESO, unreacted ME, or some low molecular weight 
portion in the crosslinked structure. The second stage from 330°C to 500°C is the fastest 
degradation stage, and this degradation stage corresponds to the degradation and char 
formation of the crosslinked polymer structure. The third stage (above 500°C) 
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corresponds to the gradual degradation of the char. The thermal stability is essentially the 
same before the second thermal degradation stage. The T10 values (the temperature 
corresponds to 10% weight loss) of this copolymer system ranges from 370°C to 410°C, 
and the T10 values decrease with an increase in the amount of AESO. The aromatic 
structure of ME makes ME more thermally stable than the AESO, thereby giving a lower 
T10 value when the ME content decreases. T50 (the temperature corresponds to 50% 
weight loss) and Tmax (the maximum degradation temperature) also show the same trends 
as the T10 values, indicating that incorporating ASEO into ME decreases the thermal 
stability at temperatures above 300°C. 
 
Figure 2-11: TGA measurements for AESO/ME copolymers with different 
compositions at 20°C/min heating rate under nitrogen atmosphere. 
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Table 2-3: Important thermal degradation temperature for AESO/ME copolymers. 
Polymer Composition T10 T50 Tmax 
AESO0-ME98 411 465 462 
AESO10-ME88 387 456 458 
AESO20-ME78 380 449 455 
AESO30-ME68 380 446 446 
AESO40-ME58 370 433 439 
AESO98-ME0 368 422 421 
 
2.4.6 Compression testing 
The compressive modulus, ultimate compressive strength, compressive yield strength, 
and the maximum compressive strength for different copolymers are shown in Figure 
2-12 to Figure 2-14 . The compressive modulus is a measure of the stiffness of the 
material, and it is obtained from calculating the slope of the linear region of the stress vs. 
strain plot. As expected, the compressive modulus increases with decreasing AESO 
content because the incorporation of flexible triglyceride molecules will decrease the 
overall stiffness of the obtained copolymers. The ME polymer possesses a compressive 
modulus of 2.3 GPA, while the AESO40 copolymer has a compressive modulus of 1.4 
GPa. The ultimate compressive strength also follows the same trend as the compressive 
modulus with variation of AESO content. This is expected because the strength of the 
copolymers decreases with a decrease in aromatic content. The ultimate compressive 
strength of the copolymers ranges from 93 MPa for the ME polymer to 70 MPa for the 
AESO40-ME58 copolymer. The ultimate compressive strength of this bio-based 
copolymer system exceeds the strength of most petroleum-based thermoplastics, and it is 
comparable to commercially available thermosets such as epoxies and polyesters. The 
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yield strength also follows the same trend as the ultimate strength. On the other hand, the 
maximum compressive strain increases with increasing AESO content, indicating that the 
triglyceride chains make the copolymer more flexible.  
 
Figure 2-12: Compressive modulus for AESO/ME copolymers with different 
compositions.  
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Figure 2-13: Maximum compressive strength and compressive yield strength of 
AESO/ME copolymers with different compositions.  
 
Figure 2-14: Maximum compressive strain for AESO/ME copolymers with different 
compositions. 
44 
 
 
2.5 Conclusion 
High bio-content thermosetting polymers were prepared using free radical 
copolymerization of methacrylated eugenol and acrylated epoxidized soybean oil. Both 
ME and AESO are derived from bio-based chemicals. The bio-based carbon content, 
which is calculated by dividing the amount of bio-based carbon in the material or product 
as a weight percentage of the total organic carbon in the material or product [55], was 
calculated to be ranged from 70.1% (for the AESO0-ME98 sample) to 74.9% (for the 
AESO40-ME58 sample).  This copolymer system was proved to be a suitable candidate 
for the pultrusion manufacturing process due to its high stiffness and fast gelation time.    
All of the obtained copolymers are homogeneous and rigid. Due to the high reactivity of 
the acrylate functional groups in AESO and the methacrylate functional groups in ME, 
the insoluble portion of all copolymers were above 95% as evident by the Soxhlet 
extraction data, indicating that most of the monomers were crosslinked. The high 
reactivity of the functional groups in AESO and ME and the high decomposition rate of 
the BPO free radical initiator make the copolymers possess high curing speed. The 
gelation time is less than 10 minutes when the resin is cured at temperatures above 90°C. 
The DMA data showed that the storage modulus and the glass transition temperature of 
the polymers decrease with an increasing percentage of AESO. The compression testing 
data showed that the modulus and strength decrease with increasing AESO content; 
however, the ultimate compressive strain was found to increase with an increase in AESO 
content. TGA data also indicates this copolymer system is thermally stable up to 250°C.  
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3.1 Abstract 
Tall oil-based polyamide was blended with lignin-cellulose fiber (LCF) to 
produce environmental-friendly composites. The effects of the concentration of LCF on 
the thermal, rheological, and mechanical properties of the composites were studied using 
differential scanning calorimetry (DCS), dynamic mechanical analysis (DMA), 
thermogravimetric analysis (TGA), rheological testing, and mechanical testing. The 
morphologies of the composites were investigated using scanning electron microscopy 
(SEM). The incorporation of LCF does not change the glass relaxation process of the 
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polyamide significantly. Results from rheological testing showed that the complex 
viscosity and shear storage modulus were increased by LCF. The modulus and strength 
both increased with increasing LCF content; however, LCF also dramatically reduced the 
tensile elongation of the composites. In addition, the thermal stability of the composites 
was found to be strongly influenced by the concentration of LCF: the onset of the 
degradation process shifted to lower temperatures with increasing LCF content. Overall, 
the LCF is a useful filler that is compatible with tall oil-based polyamide. The cost of the 
composites can be reduced significantly by LCF, while the polyamide matrix can be 
reinforced by LCF. 
3.2 Introduction 
Polymers and composites derived from biorenewable resources have received 
extensive attention as sustainable alternatives to petroleum-based polymers due to the 
increasing cost of fossil fuels and various environmental concerns. It was estimated that 
the petroleum resources will be depleted within one hundred years [1].  The traditional 
petroleum-based polymers are not biorenewable, and most of them are not biodegradable. 
These widely used petroleum-based polymers have introduced many environmental 
problems, such as the emission of greenhouse gases and white pollution.   
Many thermoplastics and thermosets based on bio-renewable resources have been 
developed. Polylactide (PLA) is a widely used thermoplastic produced from the 
fermentation of corn and sugar feedstocks. Because PLA is biorenewable and 
biodegradable, it has been used in packaging and biomedical applications [2, 3]. On the 
other hand, polyhydroxyalkanoates (PHA), is a class of polyesters produced from 
bacteria.  Bacteria produce PHA for carbon and energy storage [4]. PHA is biorenewable 
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and biodegradable, and it also possesses high biocompatibility.  PHA has been used as 
drug carriers and scaffold materials in tissue engineering [5-7]. PHA possesses 
mechanical properties similar to those of polypropylene; however, the high cost and the 
brittleness of PHA have limited its applications as a general plastic.  
Plant oils, such as soybean oil, castor oil, and tung oil, are very popular starting 
materials for synthesizing biorenewable thermoplastics and thermosets, since they carry 
many chemical reactive sites such as double bonds, hydroxyl groups, epoxide groups and 
ester linkages. Polyamide is a class of polymers that has been widely used in textiles, 
automotive, electrical, and adhesive application [8]. Some of the most seen polyamides 
are Nylon 6 and Nylon 6,6, which are produced from petroleum-based chemicals. 
Polyamides based on vegetable oils have also been synthesized. Polyamide-11, a castor 
oil-based polyamide produced by Arkema, can be synthesized via polycondensation of 
11-aminoundecanoic acid (a fatty acid derived from castor oil). To synthesis 11-
aminoundecanoic acid, castor oil is saponified under basic condition and neutralized to 
produce ricinoleic acid. The ricinoleic acid is then esterified using methanol and ethanol 
to produce ricinoleic ester. The ester of ricinoleic acid is then heated to 500°C to yield 
undecylenic acid. The undecylenic acid is then brominated using HBr with the presence 
of peroxide catalyst, followed by amination reaction using ammonia to yield 11-
aminoundecanoic acid – the building block of Polyamide 11 [9]. Another way to 
synthesis biorenewable polyamide involves the use of vegetable oil-based dimer. Plant 
oils are first saponified into fatty acids and then converted to dimer acid [10]. The dimer 
acid contains two carboxylic acid functional groups. Polyamides can be produced after 
adding diamine to react with the carboxylic acid group from the dimer acid.  Hablot et al. 
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synthesized polyamide based on rapeseed oil dimer acid and 1,2-diaminoehtane, 1,6-
diaminohexane or 1,8-diaminooctaine [11]. The obtained polyamides are semi-crystalline 
polymers with a degree of crystallinity around 10%. The melting points of the resulting 
polyamide ranges from 79°C to 105°C, and the glass transition temperature was in the 
range of -17°C to -5°C [11]. This polyamide is soft and flexible with more than 300% 
maximum tensile strain. Fan et al. prepared a series of polyamide based on soy-based 
dimer acids with a glass transition temperature as high as 63°C and a modulus value 
above 2000 MPa [12]. Moreover, polyamides from tung oil and soybean oil have also 
been synthesized for the paint industry due to their thixotropic rheological properties 
[13]. 
Biorenewable polymers are generally inferior to petroleum-based polymer in 
terms of cost and mechanical properties. For example, PLA and PHA are much more 
expensive than common petroleum-based polymers such as polyethylene and 
polystyrene, and they are notorious for their inherent brittleness. A common strategy to 
compensate the drawbacks of biorenewable polymer is by blending them with fillers or 
fibers to decrease the overall cost and/or to modify the mechanical properties. There are 
numerous studies about adding fillers or fibers to biorenewable thermoplastics. Plant 
fibers such as kenaf fibers, jute fibers, and bamboo fibers, and synthetic fibers such as 
glass fibers and carbon fibers have been added to PLA [14-18].  Generally, after adding 
rigid fibers into the PLA matrix, the strength and modulus will both increase if strong 
interfacial adhesion can be achieved. The effects of organic fillers such as flours, 
starches, rice straw, lignin, and cellulose on the properties of biorenewable thermoplastics 
have been extensively studied [19-24]. Moreover, adding agriculture based fillers can 
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also increase the biodegradation rate of the biodegradable polymers. For example, adding 
distiller dried grains (DDGS) – a cereal co-product of the corn-ethanol industry into PHA 
can not only decrease the overall cost of the composites, but also increase the 
biodegradation rate significantly [25, 26]. 
There are three major components in the biomass or the cell wall of the plant: 
lignin, cellulose, and hemicellulose [27, 28]. Lignin is the second most abundant natural 
resource next to cellulose, and it is a byproduct of the paper and pulp industries and the 
bio-ethanol industries [29, 30]. Lignin is an amorphous low molecular weight polymer 
produced from dehydrogenative polymerization of three types of phenols: p-coumaryl, 
coniferyl and sinapyl alcohols [31, 32]. Lignin makes up about 10 - 30% in wood. In 
woody plants, lignin offers protection against water, pathogens, pests and enzymatic 
degradation [27, 31]. Lignin also acts as a binder that holds hemicellulose and cellulose 
together, providing stiffness to a plant [33].  Lignin has been used as fillers for many 
thermoplastics. The incorporation of lignin can alter the mechanical properties, thermal 
stability, and crystallization behavior of the thermoplastics [34-36]. On the other hand, 
cellulose covers about 45 wt% of dry wood, and it is the most abundant natural material 
on earth. Cellulose is a polysaccharide consisting of D-glucose linked by β-1,4 linkage 
[37]. It forms the primary structure component in a plant. Cellulose is a hydrophilic, 
biodegradable, and semi-crystalline polymer [38]. Hemicellulose is  a polysaccharide that 
makes up 25-30% of wood [37]. It is an amorphous low molecular weight polymer (with 
molecular weight less than that of cellulose), and it acts as a compatibilizer between 
cellulose and lignin [39]. Blending plant-based fillers such as cellulose and lignin with 
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biorenewable plastics can not only produce composites with lower cost, but also increase 
the biorenewable content and strength of the composites.  
The objective of this work is to study the thermal, mechanical, and rheological 
properties, as well as the morphology of a tall-oil based polyamide reinforced with LCF. 
The fracture surface morphology was studied using scanning electron microscope (SEM). 
Dynamic mechanical analysis (DMA) and differential scanning calorimetry (DSC) were 
performed to study the thermomechanical properties of the PA/LCF composite. 
Thermogravimetric analysis (TGA) was used to investigate the effect of LCF on the 
thermal stability of the polyamide. In addition, the rheological behavior of the composites 
was studied using a rheometer. Standard dog-bone shaped specimens for tensile testing 
were prepared to investigate the change in yield strength, modulus, and elongation after 
incorporating LCF into the tall oil-based polyamide. 
3.3 Experimental Procedure 
3.3.1 Materials 
The polyamide (PA) used in this study was UNI-REZ 2651 supplied by Arizona 
Chemicals (USA). This polyamide is produced based on tall oil-fatty acid dimer. This PA 
possesses high flexibility with a maximum elongation above 500%. This PA has a 
softening point around 95 - 105 °C and an amine value of 5. The lignin-cellulose fiber 
(LCF) was obtained from New Polymer System (New Canaan, CT) in 100-mesh powder 
form. This filler contains both cellulose and lignin that are extracted from pine trees, and 
the hemicellulose in the tree is removed by a thermochemical process.  
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3.3.2 Composite Preparation 
Before compounding, PA and LCF were dried at 60°C for 24 h to remove all the 
moisture.  All the composites were prepared by compounding PA with different 
compositions of LCF using a twin-screw micro-compounder (DACA Instrument, Santa 
Barbara, CA). The materials were compounded using a rotational speed of 100 rpm for 
10 min. The temperature of the barrel was set to 140 °C. The neat PA polymer was also 
processed using the same conditions so that the samples have the same thermal history. 
Composites with the following LCF content were prepared: 10 wt%, 20 wt%, 30 wt%. 
The nomenclature of the composites is presented as follows: PA-20% represents the 
composites containing 20 wt% of LCF and 80 wt% of PA.  The extruded blends were 
then compression molded using a Carver Model 4394 hydraulic press (Wabash, IN, USA) 
to form DMA and tensile testing specimens. The temperature and force for compression 
molding were set to 140°C and 2 tons, respectively. The specimens were cooled to room 
temperature under pressure before being taken out of the mold.  
3.3.3 Morphological characterization 
The extruded blends were cryogenically fractured and viewed under an FEI 
Quanta FEG 250 scanning electron microscopy to examine to morphology the 
composites. Before the samples were put into the SEM, all samples were sputter coated 
with a 5nm-thick layer of iridium. The SEM images were taken at a working voltage of 
10 kV under high vacuum.  
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3.3.4 Optical Microscopy 
In order to observe the shape of the LCF, the LCF was dispersed in water and put 
between two parallel glass plates. The sample was then observed using an Olympus BX-
51 optical microscope. 
3.3.5 DMA measurements 
DMA was performed using a Q800 dynamic mechanical analyzer from TA 
Instrument. Rectangular specimens with a dimension of 30mm × 12.5mm ×  1.9 mm 
from compression molding were used for the DMA measurement. DMA was run in three-
point bending mode over the temperature range of -100 to 90°C with a heating rate of 
3°C/min, a frequency of 1 Hz, and a displacement amplitude of 20 µm. The storage 
modulus (E΄) and the tan δ were recorded as a function of temperature. 
3.3.6 DSC measurements 
Differential scanning calorimetry (DSC) was carried out using a TA Instruments 
Q20 differential scanning calorimeter. All DSC measurements were carried out in a 
nitrogen atmosphere.  The heating and cooling rates for the DSC experiment were set to 
30°C/min.  A sample weight around 15 to 20 mg was used. Calibration on the DSC 
machine was performed using an indium sample prior to the experiment. To erase the 
thermal history, the extruded samples were heated from room temperature to 150 °C. The 
molten samples were then cooled down to -100°C and heated up again to 150 °C. The 
second heating run (with no previous thermal history due to processing) was used to 
study the thermal properties of the PA-LCF composites.  
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3.3.6 TGA measurements 
TGA was carried out using a Q50 thermogravimetric from TA Instrument (New 
Castle, DE, USA). Samples weighing about 5 mg with different concentrations were 
heated from 25 °C to 800 °C under a nitrogen atmosphere at a heating rate of 20 °C/ min.  
3.3.7 Rheological measurements 
The rheological properties of the PA and its composite with LCF were studied 
using a TA AR2000ex rheometer. Frequency sweeps with 5% strain from 0.1 rad/s and 
100 rad/s were performed. The diameter of the plates was 25mm, and the gap between 
the plates was set to between 0.5mm to 0.6mm. The storage modulus and complex 
viscosity as a function of angular frequency for composites with different LCF content 
were studied.  
3.3.8 Mechanical testing 
The tensile properties of the samples (5 samples for each blend composition) were 
determined according to ASTM D638 using an Instron 5569 universal testing machine.  
A load cell with 5 kN capacity was utilized. The tensile testing was conducted at room 
temperature with a crosshead speed of 50mm/min. The mechanical properties of each 
composition were determined by averaging the data for at least five samples. The 
Young’s modulus, yield strength, and strain at break were analyzed as a function of LCF 
content. 
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3. 4 Results and Discussion 
3.4.1 Optical microscopy and SEM 
The LCF is a black substance in its as received form. Optical micrograph of the LCF is 
shown in Figure 3-1. Most of the LCF was in fiber form, globular form was also 
observed. The length of the fiber ranges from 60µm to 100µm. 
The morphology of the PA/LCF biocomposites was investigated using an SEM. Figure 
3-2 shows the cryogenic fracture surface of all prepared compositions. The pure PA 
polymer shown in Figure 3-2(a) is almost featureless except for some loose polymers 
resting on top of the surface due to fracture. In Figure 3-2(b), it is evident that the LCF is 
wetted in the matrix. There are several cavities on the fracture surface, indicating that 
LCF have been pulled out from the matrix. Figure 3-2(c) and Figure 3-2(d) show that the 
LCF is homogeneously distributed in the matrix. In addition, there is no gap between the 
LCF and very few voids are observed, indicating a good interfacial adhesion between the 
LCF and the matrix.  
 
Figure 3-1: Optical micrograph of LCF. 
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Figure 3-2: SEM images of the fracture surfaces of (a) PA-0%; (b) PA-10%; (c) PA-
20%; PA-30%.  
 
3.4.2 Rheology 
In order to investigate the effect of LCF on the rheological properties of the composites, 
composites with different LCF content were tested with a rheometer using a frequency 
sweep at 140°C. Figure 3-3 depicts the change of shear storage modulus under different 
angular frequency. The modulus of all sample increased with increasing angular 
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frequency. It is also apparent that an increase in LCF content increased the shear storage 
modulus throughout the entire frequency range, which is ascribed to the fact that 
incorporation of rigid fillers restricts deformation of polymer. For comparison, the 
storage modulus of PA-30% at 0.1 rad/s is about 5.3 times higher than that of pure PA 
polymer. 
Figure 3-4 shows the evolution of complex viscosity of PA polymer and its composites as 
a function of angular frequency. As the angular frequency increased, the complex 
viscosity of all samples were decreased; thus, PA polymer and its composite with LCF 
exhibit shear thinning behavior (in other words, the material become less resistant to flow 
as the rate of shear stress increases). The shear thinning behavior was often observed in 
polymer containing filler particles [25, 40, 41]. The complex viscosity increased when 
more LCF was added, and this is due to the fact that the rigid LCF filler will decrease the 
mobility of the polymer chains. 
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Figure 3-3: Angular frequency dependence of storage modulus at 140°C for 
PA/LCF composites with different filler contents. 
 
Figure 3-4: Angular frequency dependence of complex viscosity at 140°C for 
PA/LCF composites with different filler contents. 
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3.4.3 DMA 
The effect LCF content on the storage modulus and the tan δ of the PA/LCF 
composites were examined by DMA from -100°C to 100°C. Figure 3-5 shows the 
dynamic storage modulus of the PA/LCF composites as a function of temperature. At 
temperature below -100°C (glassy region), the storage modulus of the PA polymer was 
greatly improved by the addition of LCF. The storage modulus of the composites reached 
the maximum with 20 wt% LCF content. The PA-30 wt% sample has a lower storage 
modulus at -100°C compared to the composite with 20 wt% LCF, but it has a higher 
storage modulus than the PA-10% sample, indicating that the reinforcement effect of 
LCF in the PA matrix reached its maximum at 20 wt% LCF at the glassy region. When 
the temperature increased to above -50°C, the PA experienced a glass transition 
relaxation process. A dramatic decrease in storage modulus is evident. At temperatures 
above 60°C, the storage modulus decreased dramatically again due to the softening of PA 
at high temperature. On the other hand, the storage modulus at room temperature 
increased significantly with increasing LCF. For example, the storage modulus of pure 
PA polymer at room temperature was approximately 90 MPa, while the composite with 
30 wt% LCF possesses a modulus about 210 MPa. A 133% increase in storage modulus 
was observed after adding 30 wt% of LCF. The DMA results correlate well with the 
tensile testing results that will be shown later in this paper. The increase in modulus is 
ascribed to the reinforcement effect of the LCF fiber in the soft PA matrix.   
64 
 
 
Figure 3-5 : Storage modulus as a function of temperature for the pure PA polymers 
and its composites with 10wt% to 30 wt% LCF. 
The tan δ curves of pure PA and its composite with LCF is shown in Figure 3-6. The 
broad tan δ peak in the range of -20°C to 50°C is associated with the glass transition 
process (α-relaxation process) of the PA.  The glass transition process indicates the rapid 
increase of the sliding movement of the amorphous polymeric chains in PA due to high 
temperatures. The temperature corresponding to the maxima of the tan δ is generally 
considered the glass transition temperature (Tg). The glass transition temperature of all 
prepared composites ranged from 5.7 °C to 7.2 °C. It is clear that the concentration of 
LCF has little effect on the glass transition temperature of the composites. The PA-30% 
composite showed a 1.5°C increase in the glass transition temperature compared to pure 
PA polymer. On the other hand, the tan δ curves of all composites exhibited a shoulder at 
approximately -40°C. The shoulders were located at a constant temperature regardless of 
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LCF content. The shoulder at this temperature is ascribed to the β-relaxation of the 
polyamide matrix. β-relaxation is caused by the rotation movement of the side groups and 
some loosely packed chain segments of PA [42]. The area under the tan δ curve of pure 
PA is larger than those of PA/LCF composites, indicating that the damping ability of the 
composites is worse than that of pure PA. This is also expected because adding rigid LCF 
into the soft PA matrix will decrease the mobility of PA polymeric chain. 
 
Figure 3-6: Tan δ curves as a function of temperature obtained via DMA. 
 
3.4.4 DSC 
DSC was performed to study the effect of LCF on the thermal behavior of composite, 
particularly the melting point and glass transition temperature. Figure 3-7 shows the DSC 
traces of pure PA polymer and PA-LCF composites during the second heating run (after 
all the thermal history had been removed). For this material, there is a very broad glass 
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transition from -56°C to -10°C. The glass transition temperature is around 33°C, 
regardless of composition. There is an endothermic peak at about 80 to 90°C, which is 
associated with the melting of the crystalline region in the PA polymer. The location of 
melting peaks shifted slightly to higher temperatures as the content of LCF increased, 
indicating that the LCF may act as a crystallization nucleating agents for PA polymer. 
 
Figure 3-7: DSC traces of PA polymer and composites containing 10 wt% to 30 wt% 
of LCF. 
 
3.4.5 TGA 
The thermal degradation behaviors of the PA/LCF composites were studied using TGA. 
Figure 3-8 shows the TGA measurement for PA/LCF composites with different LCF 
content. PA polymer undergoes a major thermal degradation at approximately 355°C, and 
it lost almost all its original mass at 450°C. On the other hand, the pure LCF started to 
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degrade at a temperature around 290°C, and the degradation rate of lignin decreased 
dramatically when the temperature reached 345°C. Table 3-1 presents the temperatures 
corresponding to the 5% weight loss (T5), the temperatures corresponding the 10% 
weight loss (T10), the onset degradation temperature (Tonset), and the maximum 
degradation temperature of all samples (Tmax). After comparing the thermal degradation 
behavior of composites with different content of LCF, it is clear that when more LCF was 
added, the onset degradation temperature, T5 and T10 shifted at a lower temperature. This 
indicates that increasing LCF content decreases the thermal stability of the composite at 
the temperature range between 250°C and 400°C. Figure 3-9 shows an enlarged view at 
the 250°C to 400°C region of Figure 3-8. The onset temperatures of thermal degradation 
for composites containing 0%, 10%, 20%, and 30% are 355°C, 342°C, 336°C, and 320°C 
respectively. Due to the aromatic chemical structure of lignin, the thermal stability of the 
overall composites at the temperature between 400°C to 800°C was greatly increased 
with increasing LCF content.  
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Figure 3-8: Thermal degradation behavior of pure PA polymer, the pure LCF, and 
their composites. 
 
Figure 3-9: Enlarged portion of Figure 3-8 showing details about the onset of 
thermal degradation. 
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Table 3-1: Important degradation temperature obtained from TGA. 
Samples T5(°C) T10(°C) Tonset(°C) Tmax (°C) 
PA 340 360 355 400 
PA-10% 314 339 342 400 
PA-20% 312 333 336 399 
PA-30% 296 324 320 399 
LCF 271 297 296 326 
 
Figure 3-10 illustrates the derivative rate of weight loss for all the samples. The peaks in 
this figure are an indication of the temperature at which the maximum thermal 
degradation rate is achieved. According to Figure 3-10, the largest peaks of the weight 
derivative curve for PA and its composites are all at 400°C, regardless of the 
composition.  
 
Figure 3-10: Weight derivative of pure PA polymer, LCF, and their composites. 
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3.4.6 Mechanical testing 
Figure 3-11, Figure 3-12, and Figure 3-13 show the mechanical properties of the resulting 
composites, namely the modulus, yield strength, and strain at break, respectively. The 
data revealed that the Young’s modulus increased with increasing amount of LCF. The 
PA-30% composite possess a modulus value of 188 MPa, while the Young’s modulus of 
the pure PA polymer was about 90 MPa. The modulus of the composites was doubled by 
adding 30 wt% LCF. Nitz et al. [43] also found similar results: adding LCF into 
polyamide-11 led to a systematic increase in Young’s modulus of the resulting 
composites; however, adding 30 wt% LCF into polyamide-11 only yielded about 35% 
increase in modulus. The yield strength of the composites was also compared as a 
function of LCF content. From Figure 3-12, it is clear that the yield strength increases 
with increasing filler content. The strength of the pure PA is about 3.3 MPa in 
comparison to 6.1 MPa for the PA-30% composite. The increase of both Young’s 
modulus and yield strength is probably attributed to the good dispersion of LCF and the 
good interfacial interaction between the fillers and the PA matrix [44]. The strain at break 
for the composites is shown in Figure 3-13. The PA polymer is a highly stretchable 
polymer that possesses a maximum strain about 600%. As the LCF content increases, the 
strain at break decreased significantly. The most dramatic drop is observed when the LCF 
content increased from 0% to 10% – the strain at break of the PA-10% composite 
dropped 70% compared to the pure PA polymer. For the PA-30% sample, the strain at 
break of the composite was only 47%. The dramatic drop of maximum strain is common 
in polymers filled with rigid fillers, because each filler particle will decrease the mobility 
of the polymer chain when under an applied load. In addition, there is a tendency for the 
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fillers to agglomerate, which will further decrease the elongation of the resulting 
composite.  In conclusion, the addition of LCF increases the modulus and strength of the 
composite; however, LCF also embrittles the PA polymer.  
 
Figure 3-11: Young’s modulus as a function of LCF content. 
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Figure 3-12: Yield Strength as a function of LCF content. 
 
Figure 3-13: Strain at break as a function of LCF content. 
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3.4 Conclusions 
Tall oil-based polyamide was blended with lignin-cellulose fiber (a type of fiber that 
contains both cellulose and lignin) to produced biocomposites. The effects of LCF on the 
thermal, mechanical, and rheological properties have been investigated. DMA results 
indicated that the glass transition temperatures were only slightly affected by the addition 
of LCF. DMA results also showed that the storage modulus at room temperature 
increased with increasing amount of LCF. The enhancement in storage modulus indicated 
that the reinforcement effect of the LCF fiber. TGA test was performed to study the 
thermal degradation behavior, and the TGA data showed that LCF decrease the thermal 
stability of the composites at the 250°C - 400°C range. The dynamic viscosity and shear 
modulus increased significantly with the increasing LCF content. Tensile testing was 
used to investigate the mechanical properties of the PA/LCF composites. The Young’s 
modulus and yield strength increased with the additional of LCF, but the strain at break 
was reduced. To conclude, this paper demonstrates that the lignin-cellulose fiber can be 
blended with tall oil-based polyamides via melt processing to produce biorenewable 
composites with lower cost, higher mechanical properties, and higher biorenewable 
content.  
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CHAPTER 4: GENERAL CONCLUSION 
4.1 Summary 
Chapter 1 presents a literature review of vegetable oil-based vinyl thermosets and 
the future trends of biorenewable polymers. As the petroleum resources are running out 
day-by-day, it is urgent to put more and more efforts in developing better biorenewable 
polymers. Even though most of the biorenewable polymers nowadays are either too 
expensive and/or possess inferior performance when compared to petroleum-based 
polymers, I believe that continuous research activities in this field will eventually 
discovered various biorenewable polymers that can be widely used in many applications, 
including general plastics to high-end applications such as aerospace and military 
industries. The literature review in Chapter 1 covers some major discoveries in vegetable 
oil-based vinyl thermosets. Dr. Larock’s group from Iowa State University developed 
many thermosets based on conjugated vegetable oils and various petroleum-based 
monomers such as styrene, divinylbenzene, dicyclopentadiene. Dr. Wool’s group from 
University of Delaware prepared a wide range of thermosets based on glycerolysis of 
vegetable oils and chemical modification using anhydrides. 
 A novel thermosetting polymer based on modified soybean oil and a modified 
eugenol was discussed in Chapter 2. Both soybean oil and eugenol used in this study are 
bio-based; however, to render soybean oil and eugenol polymerizable, modifications 
must be performed to attach acrylate groups on soybean oil and methacrylate groups9 on 
eugenol. The original intent of this project was to develop a vegetable oil-based polymer 
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for pultrusion process. After extensive material characterizations, it was found that this 
resin system is suitable for pultrusion process, because it has high curing speed and high 
stiffness. At a curing temperature above 90°C, a rigid thermoset can be produced within 
several minutes, which is a desired property for large scale manufacturing. Most of the 
vegetable oil-based thermosets presented in literatures either requires solvent of a long 
curing time. Producing a thermoset with a longer curing time in a manufacturing setting 
requires more energy, more space, and eventually leading to higher production cost and 
less profit. The short curing time for the AESO/ME resin system makes it easily 
implementable in large-scale manufacturing. In addition, this resin system contains very 
high biorenewable content – about 70% of carbon atoms in the thermosets are originated 
from biorenewable resources.  On the other hand, AESO and ME are less toxic when 
comparing to common petroleum-based monomers such as styrene and methyl 
methacrylate.  
Thermosets based on only methacrylated eugenol are too expensive and brittle, 
and copolymerizing ME with AESO can reduce the cost and increase the toughness of the 
copolymers. However, thermosets based on only ASEO are too viscous to process. A 
combination of AESO and ME can yield thermosets with a wide range of mechanical 
properties and reasonable viscosities. In this resin system, ME imparts stiffness and 
strength, while AESO imparts flexibility.  
Although this resin system possesses many advantages, it is far from ideal. A 
comparison of mechanical properties between this resin and many other petroleum-based 
thermoplastics and thermosets indicated that while this resin possesses higher strength 
and modulus when comparing to thermoplastics, its performance is inferior to traditional 
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thermosets such as polyesters and epoxies. Price is also a big drawback for this resin. 
Eugenol is considered an essential oil nowadays, and its price is very high. Fortunately, 
there are studies that focus on pyrolysis or depolymerization of lignin to produce eugenol 
[1-3]. When a commercially feasible method of obtaining eugenol from lignin is 
developed, the price of eugenol will decrease significantly.  
Chapter 3 presents a novel biocomposite from tall oil-based polyamide and lignin-
cellulose fiber. The thermal, rheological, and mechanical properties of this biocomposites 
system were investigated. It was found that LCF can decrease the cost and reinforce the 
polyamide matrix.  
4.2 Recommendation for future works 
Many future researches can be performed by extending the results presented in 
Chapter 2. First of all, the objective of the work presented in Chapter 2 is to develop 
vegetable oil-based thermoset for pultrusion process. Glass fibers reinforced composites 
should be produced in the future using the AESO/ME copolymer as the matrix material. 
Trials on a pultrusion machine should also be performed. In addition, silane coupling 
agents are effective in increase the adhesion between the glass fiber and matrix, thus 
leading to composites with higher mechanical properties [4, 5]. The effectiveness of 
silane coupling agents on the AESO/ME resin system can be investigated in the future. In 
addition, various fibers can be incorporated into this resin, including carbon fibers, boron 
fibers, and Kevlar fibers. Natural fibers such as jute, flax, kenaf, and bamboo fibers can 
also be used.  
81 
 
A systematic curing kinetics study can also be performed on this resin system so 
that an ideal curing profile can be developed. Even though a long curing schedule is 
presented in Chapter 2, the purpose of this long curing profile is to make sure the samples 
are fully cured. Knowledge of curing kinetics will be essential for large-scale 
manufacturing. The samples prepared in this study were cured in the oven with an open 
silicon mold; however, it is commonly known that free radical initiators can be inhibited 
by oxygen and moisture. Unfortunately, curing at an environment free of oxygen and 
moisture is not achievable with the equipments in my lab. A material with higher 
mechanical properties can be produced if it is cured in an inert atmosphere. On the other 
hand, the benzoyl peroxide free radical initiator used in this study is a solid form at room 
temperature. Since it is a solid, it takes a significant amount of time to dissolve it in the 
reaction mixture. The effectiveness of various liquid-form free radical initiators in this 
resin system should also be investigated in the future.  
The ASEO/ME polymers are stiff and rigid, but it is relatively brittle.  Methods to 
increase the ductility of this resin system without sacrificing strength and modulus should 
be developed.  To further increase the stiffness and strength of the vegetable oil/ME 
system, linseed oil and tung oil can be used instead of soybean oil. Linseed oil and tung 
oil contain more carbon-carbon bond more their fatty acid chains compared to soybean 
oil. If acrylated epoxidized linseed oil and acrylated epoxidized tung oil can be produced 
and copolymerized with ME, the stiffness and strength of the composites will increase 
significantly.  Moreover, the AESO and be further modified to increase the stiffness. 
Anhydride such as maleic anhydride, methacrylic anhydride [6], and have been used to 
increase the unsaturation sites on AESO. In addition, nanoclay, carbon nanotube, 
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graphene, boron nitride and other fillers can be added to this resin to produce composites 
with special properties.  
The current procedure of synthesizing ME requires extensive washing. After 
Methacrylic anhydride reacts with eugenol, methacrylated eugenol and methacrylic acid 
are produced. Depending on the amount of methacrylic anhydride added, residual 
unreacted methacrylic anhydride can also be found. The washing technique presented in 
Chapter 2 was set up to remove the methacrylic acid and the residual methacrylic 
anhydride. In fact, methacrylic acid also contains carbon-carbon double bonds, and it can 
act as a copolymer in free radical polymerization. The residual methacrylic anhydride can 
also be treated as a copolymer. The other way to utilize the methacrylic acid and the 
residual methacrylic anhydride is to use them to react with epoxidized soybean oil (ESO) 
or other epoxidized vegetable oils. Methacrylated epoxidized vegetable oils can be 
formed in this way. In addition, methacrylic anhydride can also react with epoxy rings on 
the epoxidized vegetable oils and the hydroxyl groups on the ring-opened methacrylated 
epoxidized vegetable oils. On the other hand, instead of using methacrylic anhydride to 
modify eugenol, other cheaper anhydride such as maleic anhydride and phthalate 
anhydride can also be used. 
For the PA/LCF biocomposites presented in Chapter 3, modification on the LCF 
fibers can be performed so that the interfacial adhesion between the polyamide matrix 
and the LCF fibers can be increased. Other bio-based fillers can also be used to reinforce 
polyamide. 
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